The bark of maritime pine (Pinus pinaster Aiton) has been widely used as a remedy for various degenerative diseases. A standard high-performance liquid chromatographic (HPLC) procedure for Pycnogenol ® analysis is a method specified in the United States Pharmacopeia (USP) monograph, which requires measurement of peak areas and identification of four components of the extract: caffeic acid, catechin, ferulic acid, and taxifolin. In this study, a fingerprint analysis using an HPLC method based on the USP monograph has been developed to provide additional qualitative information for the analysis of Pycnogenol-containing dietary supplements (PDS). Twelve commercially available PDS samples were purchased and analyzed along with a standard Pycnogenol extract. Their chromatographic fingerprints were analyzed using principal component analysis. The results showed that two of the samples were not consistent with the standard reference Pycnogenol extract. One contained other active ingredients in addition to Pycnogenol, and the other may have resulted from a quality control issue in manufacturing.
highly bioavailable. Furthermore, a notable trait of PE that has emerged in studies is that the complete mixture of the extract demonstrates greater biological effects than a similar amount of any of its individually purified components (3) .
The procyanidin-rich PE has exhibited diverse pharmacological actions in human trials (4) . These effects include, but are not limited to, cardiovascular and anti-inflammatory activity. Oral administration of PE to humans exerts positive effects on circulatory functions, such as inhibition of platelet aggregation, a moderate antihypertensive effect, and improved microcirculation, which are indicated by outcomes such as relaxed arterial walls and an increase in capillary resistance (2) (3) (4) . These physiological effects are consistent with PE's observed mechanisms of action. PE is also known to have a protective effect on capillary endothelium and subendothelial structures (5) . Anti-inflammatory effects in asthma patients have been observed (6, 7) . PE also increases antioxidant capacity and lowers blood cholesterol levels (8, 9) , blood glucose levels, and blood pressure in animals and humans (10--I 2) . A new study demonstrated that PE can help to reduce the symptoms of attention-deficit disorder and attention-deficit hyperactivity disorder in children (13) . Overall, there has been growing interest in PE due to its various therapeutic uses.
The standard high-performance liquid chromatographic (HPLC) procedure for PE analysis is a method specified in the USP monograph (I). It analyzes four components of the extract: caffeic acid, catechin, ferulic acid, and taxifolin. However, the method can also be used to generate chromatographic fingerprints that provide additional qualitative information about the analytes beyond the four primary components. In 1991, the chromatographic fingerprint technology was accepted by the World Health Organization (WHO) as a strategy for identification and quality evaluation of herbal medicines (14) . In this study, an HPLC-UV fingerprint method modeled after the USP HPLC profile has been developed to provide additional qualitative information for the analysis of Pycnogenol -contain ing dietary supplements (PDS). A literature search did not find an established HPLC fingerprint analysis of Pycnogenol. 
LC Conditions
The HPLC-UV method used was modeled after the method described in the USP monograph. The reversed-phase column used (C18, 5 im particle size, 250 x 4.6 mm) was different from the one described in the USP [octylsiyl (CS), particle size <5 pm, 150 x 4.6 mm]. Formic acid was used in the mobile phase instead of phosphoric acid to accommodate the use of a mass spectrometer, and acetonitrile was used instead of methanol for better separation. The HPLC gradient profile, comprising 0.1% formic acid in H20 (A) and 0. 1% formic 
Sample Preparation
The sample extraction method used was a slightly modified version (sonication was used) of the method described in the USP monograph (1). Twenty capsules of each sample were decanted into a bottle and thoroughly mixed.
Three aliquots of each PDS sample equivalent to 20 mg PE (according to their labels) were carefully weighed into 15 mL centrifuge tubes (labeled from Al, A2, A3 ... to 1-3) and extracted with 10 ml-methanol (MeOH; 20 miii sonication).
After the extraction, each extract was centrifuged at 5000 g for 
Results and Discussion

Quantitation
The quantitation of the commercial PDS samples was performed using the HPLC method described in the Experimental section. The results of the quantitation are shown in Table I and Figure 1 . The quantitation results were from three different extractions, so the SD accounted for weighing, extracting, and instrument errors.
The results of the PERS samples showed that the sum of the amount (Table 1) of the four components (caffeic acid, catechin, ferulic acid, and taxifolin) was 3.43%. The highest amount from PDS samples was 3.93% (Sample J) and the lowest amount was 2.49% (Sample B).
HPLC Conditions and Chromatograms
Initially, the mobile phases (H 2O and MeOH) described in the standard USP HPLC method were attempted. The USP monograph uses C8 columns (particle size <5 pm, 150 4.6 mm), and such a column was not available in our laboratory. Using the USP mobile phases and a variety of reversed-phase C18 columns, ferulic acid and taxifolin were not separated, and the retention time for them was in the washing phase of the HPLC profile. The mobile phases were changed to H 20 and acetonitrile with the standard USP HPLC gradient to accommodate the C 18 columns. Very good separation of all four components was achieved after the modification (Figure 2) . To make the method compatible with analysis using a mass spectrometer, phosphoric acid used in the original USP method was changed to formic acid. The peaks of the four components in all PDS samples were confirmed by MS.
There are basically two sources of variation contained in chromatographic fingerprints. One comes from the experimental process, the other from the samples themselves. The main variation from the experimental process is retention time shifts that make the comparison of fingerprints acquired from different systems or at different times difficult for PCA. In a previous paper, we discussed the attempts to resolve retention time shifts using sophisticated mathematical models by other groups (15). Unfortunately, a foolproof, easy-to-use mathematic model that works in the real world is not yet available. We believe a more appropriate approach is not to use all the data points in a chromatogram, but to rather use those peaks that are uniquely characteristic of the intended analyte to identify the ingredient in dietary supplements.
Our approach uses the chromatographic fingerprint of a standard reference material (SRM) or a known authentic sample (in the absence of an SRM) as the reference. This fingerprint is assigned as the reference fingerprint (RF; Figure 3 ). The most prominent peak of the RF is used as the reference peak (RP). In this study, the RP was taxifolin and was used as the RP for all samples investigated. The areas of all other peaks in the chromatogram are normalized against the area of the RP (expressed as the ratios to the RP), and the ratios of the peaks are entered into a peak table and used in PCA analysis. All peaks <5 110 of the RP in SRM are discarded, and the remaining peaks of the fingerprints are labeled from I, 2, to the n, according to retention time in the peak table.
Fingerprints of all other samples are compared with the RF, and the peak numbers and peak ratios are recorded in the peak table accordingly. In any sample fingerprint, if a peak is <5% of its own RP, the value 'O" is entered. In some cases, a certain sample may contain a peak that is >5% of its own RP but does not exist in the fingerprint of the RF. In this case, this "foreign" peak is inserted into the peak table. For all other samples that do not contain this "foreign" peak, the value "0" is assigned. 
Chromatographic Fingerprint Analysis
Principal component analysis (PCA) is a popular method that has the abilit y to summarize multivariate \ ariations. Using this approach, the variability introduced by the instruments (retention time shifts, injection repeatability, etc.) and other experimental conditions (fluctuation of temperatures, qualities of the reagents used, and qualities of the columns, etc.) are minimized. As long as the same kind of HPLC column is used, the characteristic peaks of the chromatogram should not change. This way, consistent peak tables can be obtained with repeated analyses over time. Different laboratories should be able to share and compare their PCAs without concern about differences introduced by the instruments and other experimental conditions. A peak table generated using this approach is shown in Table 2 .
To further investigate this approach, two PCAs were evaluated in this study, one using the original 5% cut-off to include as much information from the chromatograms as possible, the other using a 10% cut-off with an arbitrary maximum number of peaks set at 10 for the RF. From other samples, only peaks with an area at least 10% of the RP were inserted into the peak table. The simplified approach, while containing less information, greatly reduces the difficulty in identification of the smaller characteristic peaks.
The PI CA plot using the 5% cut-off is shown in Figure 4 , and the PI CA plot with a 10% cut-off is shown in Figure 5 . For the samples investigated in this study, the PCA score plots are almost identical. Most commercial samples are within a tight cluster, with PERS in the upper-left corner of the P I CA plots. The result was expected, since all commercial products that bear the brand name Pycnogenol are made from the PERS, with differences in inactive ingredients. The two exceptions are Sample B and Sample I. The chromatogram of Sample B is shown in Figure 6 . Compared to the chromatogram of the PERS, the fingerprint of Sample B is quite different from the fingerprint of the PERS. It has a much smaller taxifolin peak at 24.52 mm. The quantitation results indicated that its taxifolin content was about 10 times less than the PERS (Table 1 ). This fact suggested potential product adulteration. The chromatogram for Sample I is shown in Figure 7 . Sample I has a few peaks that are not presented in the chromatogram of the PERS, especially the two prominent peaks (retention time 26.57 and 28.69 mm) that eluted after the taxifolin peak (Figure 7) . These peaks are due to the presence of 300 mg citrus bioflavonoids complex in addition to the 30 mg Pycnogenol labeled in the PDS. 
Conclusions
PCA of chromatographic fingerprints demonstrates that the approach is capable of detecting the differences between chromatograms. The study also shows that the simplified 10% cut-off approach works as well as the original 5% cut-off approach in the analysis of PDS. Currently, we are developing software to choose the 10 most prominent peaks from a chromatogram and use the results to differentiate various samples. It is easier to develop such software than to develop a software program that must account for the ever-changing retention times and detector responses that result from not only the instruments, columns, and reagents used, but also from sample preparation and analysts.
This study shows that the chromatographic fingerprints provide identification information in addition to the 4-component analysis intended by the USP monograph. The additional information is valuable for detecting potential adulteration, contaminations, and other additives present in commercially available herbal dietary supplements. This methodology can also be used by manufacturers to show compliance with good manufacturing practices.
